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Micro Cutting of Tungsten Carbides with SEM 
Direct Observation Method 

H e o  S u n g - j u n g *  

Department of  Mechanical Engineering, Doowon Technical College 
678 Changwon-ri, Chuksan-myon, Ansong-si, Gyonggi-do 456-890, Korea 

This paper describes the micro cutting of wear resistant tungsten carbides using PCD (Poly- 

Crystalline Diamond) cutting tools in performance with SEM (Scanning Electron Microscope) 

direct observation method. Turning experiments were also carried out on this alloy (V50) using 

a PCD cutting tool. One of the purposes of this study is to describe clearly the cutting 

mechanism of tungsten carbides and the behavior of WC particles in the deformation zone 

in orthogonal micro cutting. Other purposes are to achieve a systematic understanding of 

machining characteristics and the effects of machining parameters on cutting force, machined 

surface and tool wear rates by the outer turning of this alloy carried out using the PCD cutting 

tool during these various cutting conditions. A summary of the results are as follows : (1) From 

the SEM direct observation in cutting the tungsten carbide, WC particles are broken and come 

into contact with the tool edge directly. This causes tool wear in which portions scrape the tool 

in a strong manner. (2) There are two chip formation types. One is where the shear angle is 

comparatively small and the crack of the shear plane becomes wide. The other is a type where 

the shear angle is above 45 degrees and the crack of the shear plane does not widen. These 

differences are caused by the stress condition which gives rise to the friction at the shear plane. 

(3) The thrust cutting forces tend to increase more rapidly than the principal forces, as the depth 

of cut and the cutting speed are increased preferably in the orthogonal micro cutting. (4) The 

tool wear on the flank face was larger than that on the rake face in the orthogonal micro cutting. 

(5) Three components of cutting force in the conventional turning experiments were different in 

balance from ordinary cutting such as the cutting of steel or cast iron. Those expressed a large 

value of thrust force, principal force, and feed force. (6) From the viewpoint of high efficient 

cutting found within this research, a proper cutting speed was 15 m/min and a proper feed rate 

was 0.1 mm/rev. In this case, it was found that the tool life of a PCD tool was limited to a 

distance of approximately 230 m. (7) When the depth of cut was 0.1 ram, there was no influence 

of the feed rate on the feed lbrce. The feed force tended to decrease, as the cutting distance was 

long, because the tool was worn and the tool edge retreated. (8) The main tool wear of a PCD 

tool in this research was due to the flank wear within the maximum value of Vmax being about 

260 ,urn. 
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1. I n t r o d u c t i o n  

Tungsten carbides possess superior hardness 

and strength both at low and high temperatures 

due to stable physical properties. Therefore, this 
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alloy is one of the most difficult-to-cut materials 

at present, but its usage has been already broa- 

dened to every commercial application such as 

mining tools, wear-resistant tools and cutting 

tools, among others. 

They are also used in cutting tools. Wear 

resistant tungsten carbides contain more cobalt 

compared to normal tungsten carbides used for 

cutting tools, and the grain size of the tungsten 

carbide is larger. 

Various grinding experiments on wear resistant 

tungsten carbides have been previously carried 

out in the author's previous work.(Heo et al., 

1993) The machining of tungsten carbide is main- 

ly dependent on the grinding process because 

milling, turning and drilling have many difficul- 

ties. Generally, the tool materials must be over 4 

times harder than the work materials so that the 

cutting process becomes economical. (Technical 

Research Institute, 1997) Recently, PCD (Poly- 

Crystalline Diamond) tools have been put into 

practical use, and the machining of the tungsten 

carbides is becoming gradually easier. Although 

there are several available technical reports re- 

garding tool life, surface roughness and cutting 

force in longitudinal turning with wear resistant 

tungsten carbides (Technical Research Institute, 

1997; 1995), knowledge and technical data are 

limited and do not offer enough information to 

understand completely the mechanics of cutting 

yet. 

To study the possibility of the precision mac- 

hining of the tungsten carbides, the relation be- 

tween the cutting conditions and the finished 

surface was investigated by the aid of SEM ob- 

servations of the micro cutting process using 

several kinds of tungsten carbides. In cutting the 

tungsten carbide with the PCD tool, the brea- 

kage behavior of tungsten carbide (WC) particles 

and cobalt (Co) was observed, and the tool wear 

was investigated in detail. Moreover the chip 

formation was also investigated. 

These findings will focus on present cutting 

conditions that can obtain precise finished sur- 

faces and reasonable machining efficiency, while 

at the same time minimizing tool wear. 

2. E x p e r i m e n t a l  W o r k  

2.1 Orthogonal micro cutting experiment in 
SEM 

2.1.1 Experimental device 
Studies have already reported on the micro 

cutting of several kinds of alloys with SEM device 

(HANASAKI et al., 1989; 1989; 1990; 1996). 

The micro cutting device used for this research 

was slightly different from previous devices, and 

was improved for a newly corrected establishment 

of depth of cut and tool holder's stiffness. 

A orthogonal micro cutting device for difficuh- 

to-cut materials such as the tungsten carbides 

in SEM was developed for investigating the pro- 

posed method. This apparatus is composed main- 

ly of the work material holder, the tool holder, 

and a specially designed tool. Since the previously 

established depth of cut transferred to the wedge, 

repetitive errors were often made. 

As new and improved devices could move the 

work material holder directly using a motor, the 

correct depth of cut within 1/~m could be ob- 

tained. By specifically improving the tension 

spring of the work material holder, the tensile 

load in the opposite direction of the cutting was 

restricted and the work material's transfer by 

cutting force could be stopped. 

The tool holder was manufactured to change 

the height of the tool depending on the thickness 

of work material, as was the previous apparatus 

for fixed load. As new tool holders have the 

highest stiffness, the flexure deformation could be 

repressed in the cutting of the tungsten carbide. 

2.1.2 Work material/tool material and ex- 
perimental conditions 

The work material is V60 grade tungsten car- 

bide that is used mainly for wear and impact 

resistant tools in metal mould factories. The 

chemical compositions are shown in Table 1. 

The mechanical and the thermal properties of 

this work material are shown in Table 2. In Table 

2, as it has been established, the value of hard- 

ness and Young's modulus becomes lower as 
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Table 1 Chemical composition of work material 
(wt%) 

Composition W Co C 

Volume Fraction 65.3--73.7 22--30 4.3~4.7 

Table 2 Mechanical properties of tungsten carbide 
V60 

Specific Hardness Compressive Young's 
gravity (HRA) Strength modulus 

(Mg/cm a) (Gpa) ( x 104 kg/mm z) 

13. I 82.0 3.14 470 

the quantity of cobalt increases. This work mate- 

rial was sintered and formed to the designated 

size (15× 15 ×0.7 ram), and lapped after being 

ground on a precision grinding machining. The 

work material fixed on micro cutting device was 

cut after confirming that the degree of the vacuum 

reached 2,0× 10-2Pa in SEM. 

During the micro cutting, the cutting was stop- 

ped at free-step and a photo was taken. One part 

of the cutting process was recorded with a VCR, 

and this was used to analyze the data. 

The micro cutting tool material used for this 

experiment was a single polycrystalline diamond 

tool (PCD). The tool has the front rake angle 

a of 0 ° and the relief angle fl is 3 ° . In these cut- 

ting conditions, the cutting speed was 10/lm/s, 

and the depth of cut was approximately 10 to 

15 ~m. 

The first observation of the work material 

focused on experimental cutting and was carried 

out with SEM direct observation after micro 

cutting at the depth of cut 10/tin. 

2.2 Turning experiment with CNC lathe 
A 60 mm diameter x 100 mm long bar of tungs- 

ten carbide (V60), manufactured by the S Cor- 

poration of Korea was used for the turning 

experiments. The mechanical and chemical com- 

positions for the work material used in this 

experiment are the same as those shown in Table 

1 and 2. 

The tool inserts are commercially available 

PCD and are used as a reference point. The 

geometric configuration of the tool insert is 

Table 3 Cylindrical Turning conditions 

Cutting speed (m/min) 10, 15, 20, 30 

Depth of cut (ram) 0.05, 0.1, 0.2, 0.3 

Feed rate (mm/rev) 0.05, 0.1, 0.2, 0.3 

Cutting method Dry, Wet 

Tool material PCD 

Tool insert TNGA 160408 

Tool holder PTGNR2525-MI6 

TNGAI60408. The insert was attached on the 

tool holder, which has the cutting edge angle of 

90 ° . The machine tool used in this experiment for 

continuous, dry and wet turning tests is a CNC 

lathe TNL-35S (SAEIL Heavy Industry, Korea) 

with a Sentrol-L system. The cutting fluid used 

was an emulsion type applied at a flow rate 10 I~ 
min. More detailed tool geometry and cutting 

conditions are shown in Table 3. 

The effects of the three machining parameters 

(cutting speed, feed rate and the depth of cut) 

were investigated. In order to understand the 

influence of individual machining parameters on 

the cutting force, one parameter was varied in 

each set of the study while all other parameters 

were kept constant. 

The cutting forces were measured by means 

of a quartz piezoelectric type tool dynamometer 

(KISTLER, 3-Component  dynamometer Type 

9257B) connected to a multi-channel charge am- 

plifier (KISTLER, Type 5019 A), a 500 MHz 

oscilloscope (Leroy, Type 5019 A) and a data 

recorder (TEAC, Type XR-310).  

Surface roughness parameters were measured 

on a Rank Taylor Hobson (RTH) Form Talysurf 

Plus, both having a cut-off 0.8 mm and a sample 

length of 4 ram. The cutting tool wear was 

measured with a toolmaker's microscope. 

3. R e s u l t  a n d  D i s c u s s i o n  

3.1 Orthogonal micro cutting experiment in 

SEM 

3.1.1 SEM direct observation of micro cut- 

ting of tungsten carbide 
With the use of a micro cutting apparatus, SEM 
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direct observat ion could be carried out to clarify 

microscopical ly the behavior  of  the work ma- 

terial near the cutting edge. In order to see the 

microstructure of  WC particles before cutting, 

and to investigate how these particles change after 

cutting, Fig. 1 shows a SEM micrograph of  the 

non-mach ined  region which is where cutting be- 

gan. about  100/~m distance from the left end of  

the work material.  

Figure 2 shows a SEM micrograph of  the mac- 

hined region at 60 llm point after cutting. This  

is formed by cutting at a depth of  10,urn and a 

cutting speed of  10,um/s. The arrow shown in 

Fig. 2 is the cutting direction in SEM micro 

cutting. 

It can be seen that a WC particle of  about size 

5 ,urn in the front part of  the tool rake st, rthce is 

beginning to crack. This particle exists on the 

right side of  Fig. 1 (symbol A) ,  but the crack had 

not formed before cutting. 

Also, it was confirmed that this WC particle's 

crack had already begun in a frontward 10/_tm 

area of  the tool cutting edge. Fig. 3 shows the 

growth state of  the crack that has occurred to 

the particle alter the tool displacement at about  

5 ,urn fl'om Fig. 2. In Fig. 3, the crack of  tile WC 

particle grew more drastically, and tile particles 

were mixed into a state that is difficult to see ill 

proximity to the tool neighborhood.  

What was observed next was the cutting mec- 

hanism in the or thogonal  micro cutting. This 

observat ion deals with the process where primary 

WC particles become fine grains crushed on the 

shearing deformation zone. 

As shown in Fig. 4(a) ,  a particle with the 

size of  about 10/ma was moved to the left f lom 

Fig. 3. The WC particle shows the beginning of  

a crack at the point of about  3 ,urn at the front of  

the tool, and this crack grows from the tool edge 

frontward. At this time, a WC particle could be 

ubserved as in Fig. 1 at the right (symbol B), but 

a crack has not appeared as belbre cutting. A 

crack from a small WC particle can also be seen 

on the right of  the larger crack. As shown in Fig. 

1, the crack did not happen before cutting, but 

progresses by the action of  the tool. 

The small particle did crack in the 10/tin area 

from the cutting edge frontward and grows to 

the large particle by the cutting force. The crack 

grows by the progress of  the cutting as shown in 

* ~._, . , ~ , ~  '," , " .  , . , ~ . _ ' ~  

]Fig. 1 SEM micrograph of non- 

machined region 

Fig. 2 SEM micrograph of tile Fig. 3 SEM micrograph of typi- 

machined region cal crack forrnation 

I > f l l l l t U  "', LTa~_k 

Fig. 4 
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Successive SEM micrograph of tungsten carbide in orlhogonal micro-cutting 
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Fig. 5 The shearing deformation Fig. 6 
z o n e  

SEM micrograph of chip 
formation 

~ • 

~ '  • , 

Fig. 7 Cross section of chips 
formed 

Fig. 4(b). The part under the particle hardly 

moved, and was pushed compulsorily by the cut- 

ting force. Fig. 4(c) shows that the part under the 

particle rotates clockwise, and collided with the 

cutting tool edge. 

From Fig. 3 and 4, the SEM direct observation 

in cutting the tungsten carbide, WC particles are 

broken and come into contact with the tool edge 

directly. This causes the tool wear where a part of 

the tool is strongly scraped. 

Figure 5 shows a SEM micrograph of the mac- 

hined region at a point 200 ,urn after cutting. This 

is formed cutting with a depth of 15/zm and a 

cutting speed of 10/~tm/s. From this micrograph, 

a shearing deformation zone appearing upward 

at a slant could be seen. The WC particles on the 

shearing deformation zone are broken greatly. 

The micro cutting is gone from the zone ; a chip 

is formed as shown in Fig. 6. 

Also, Fig. 5 and 6 show that there are two chip 

formation types. One type of shear angle is com- 

paratively small and the crack of the shear plane 

becomes wide; the other is a type of shear angle 

above 45 degrees and the crack of the shear plane 

dose not widen. These differences are caused by 

the stress condition which gives rise to the friction 

at the shear plane. 

Figure 7 shows a SEM micrograph of the chip 

formation in this time as reference. 

From this SEM direct observation of micro- 

cutting, primary WC particles were crushed and/  

or fine grained in the shearing deformation zone. 

A part of the particles were observed to collide 

directly with the cutting edge of the tool fol- 

lowing the micro cutting. This appears to be 

caused by severe tool wear in the turning Of 

4tl  
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i n  

Fig. 8 
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Relation between cutting force and depth of 
c u t  

tungsten carbides. 

3.1.2 Cutting forces on micro cutting of 
tungsten carbide 

Figure 8 shows the relation between cutting 

force and depth of cut on micro cutting in SEM at 

the cutting speed rate of 10/zm/sec and 10/zm/ 

sec. As can be seen in this figure, the cutting 

forces did not change so much within this experi- 

mental range. However the change of the thrust 

cutting force was shown to be different from the 

principal cutting force regarding depth of cut. 

It seemed that the cutting speed hardly in- 

fluenced the thrust force, because of the frictional 

force between the cutting tool edge and small WC 

particles at the low cutting speed on micro cutting 

in SEM. 
As we know, the thrust cutting force occurred 

by the contact between the flank face and work 

material near the cutting edge. The flank wear did 

not increase so much at the primary cutting region 

when using a PCD cutting tool with the specific 

rake angle of 0 degrees. 
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Therefore ,  it may be a t t r ibuted  to the fact tha t  

the dep th  of  cut is not  a ser ious concern  to the 

th rus t  cut t ing  force in the p r imary  cut t ing  pro- 

cess. Th i s  increas ing  tendency  of  cut t ing  forces at 

the p r imary  cu t t ing  region is the same as the 

exper imenta l  result  that  was ob ta ined  for the 

cyl indr ica l  tu rn ing  in the Fig. 14 and  15 of  sec- 

t ion  3.2.2 below. 

On the o ther  hand ,  the p r inc ipa l  force was 

increased p r o p o r t i o n a l  to the dep th  of  cut. This  

may indicate  tha t  the W C  part icles tha t  are bro-  

ken come into contac t  with the inf luence of  the 

tool  edge directly. 

In the meant ime,  the va lue  o f  surface rough-  

ness lbr  a given cut t ing  speed V = I O  ,am/sec and  

dep th  of  cut t = 1 0 , a m  on this work  mater ia l  

can be ob ta ined  as fol lows : Ra=O.09 ,am, Rmax= 

1.19 ,am, R z = 0 . 5 0 , a m .  

3.1.3 Tool wear on micro cutting of  tungsten 

carbide 

Fig. 9 shows a m i c r o p h o t o g r a p h  of  the tool  

u n w o r n  and  the tool  worn  away on  micro cut t ing  

in SEM. F r o m  this  compar i son ,  Fig. 9 shows 

a Wotr~ appearanc," o f  h Wctrn appear:mq.'c o l  

l akt: I.l~.'q.' f lank I'acc 

Fig. 9 Opt ica l  m i c ropho tog raphs  o f  unwo rn  and 

worn  appearance o f  P C D  too l  for  m ic ro -  

cut t ing 

tha t  there is tool  wear  due to the cut t ing force on  

the rake face and flank face. Accord ing  to this 

observa t ion ,  it can  be seen that  the tool  wear on 

the f lank face was larger t han  tha t  on the rake 

face. This  may be a t t r ibuted  to the fact that  the 

pr inc ipa l  cut t ing force was more  than  the th rus t  

cut t ing  force in the cut t ing  of  d i f f i cu l t - to -cu t  

materials .  

3.2 Turning experiment in lathe 

3.2.1 Tool wear on cylindrical turning ex- 

periment 

In order  to de te rmine  the effects of  cut t ing  

dis tance  on tool  wear  dur ing  severe cut t ing  

condi t ions ,  the tungs ten  ca rb ide  was cyl indr ica l  

and turned  on  a P C D  cut t ing  tool. Fig. 10 shows 

the re la t ion between the cut t ing  dis tance  L and 

the m a x i m u m  value  of  the f lank tool  wear  width  

(Vmax) in the t u rn ing  of  tungsten carb ides  with 

the PCD tools  after outer  cut t ing  at the dep th  of  

cut of  0.2 mm, cut t ing  speed of  30 m / m i n  and feed 

rate of  0.2 mm/ rev .  In all tool  inserts  shown  in 

Fig. 10, the f lank wear  was rough ly  paral lel  to the 

cut t ing  edge. The  charac ter i s t ic  wear,  such as the 

c h i p p i n g  and  the b o u n d a r y  wear, were not  ob-  

served. 

F r o m  the above  ment ioned ,  the ma in  tool  

wear  of  P C D  tool  inserts in this  research was 

the f lank tool  wear  wi th in  a m a x i m u m  value of  

f lank wear width  Vmax abou t  260 ,am. As a result  

of  these observa t ions ,  it was clear tha t  the 

abras ive  wear  par t  was found on  bo th  the f lank 

and the rake lace, and  adhes ion  was not  remark-  

ably noted. 

In order  to de te rmine  the wear  mechan i sm of  
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Fig. 10 Relation between the cutting distance L and the maximum value of the flank width Vm~× 
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PCD tools  in detail ,  the SEM obse rva t ion  was 

carr ied out on the tool worn  surface. Fig. 11 

shows a SEM mic rog raph  of  the u n w o r n  and  

worn PCD tool at the depth  of  cut of  0 . 2 m m ,  

cut t ing speed of  30 m / m i n  and feed rate of  0.2 

m m / r e v  al ter  6.8 m cutt ing.  In these Figures,  Fig. 

11 (b) and (c) show severed grooves  and  abras ive  

traces. This  wear behav io r  is a typical  ab ras ion ,  

and the cause of  this appea rance  may be that  

the b inder  of  the tool  is ab raded  by hard  W C  

part icles from the work mater ials ,  which  causes 

d i a m o n d  grains  to be de tached from the bond .  

F rom these measurements ,  the main  tool wear  

of  P C D  tool  inserts in this research was the f lank 

wear  wi th in  the max i m um  wtlue of  the f lank tool  

wear width  Vmax abou t  260 ,am. As a result o f  

these observa t ions ,  it was clear that  the abras ive  

wear par t  was found on bo th  the f lank and  the 

rake  face, and adhes ion  is not r emarkab ly  noted.  

In order  to clarify the effect of  cut t ing  condi -  

t ions  on the tool wear  in detail ,  the re la t ion  

between the tool  wear width  and  the cu t t ing  

dis tance was carr ied out  at the cut t ing  speed of  

1 0 m / m i n  and 1 5 m / m i n .  The  results of  the 

exper iment  are shown  in Fig. 12. 

In this figure, the f lank tool  wear  width  paral le l  

to the cut t ing dis tance  was increased at bo th  

cut t ing speed ranges,  and  the change  of  cut t ing  

speed seems not  to inf luence tool  life drast ical ly.  

Also,  the tool  life cr i ter ion was tha t  the m a x i m u m  

value of  the f lank tool wear  width  was 0.3 mm. 

In this  test, cut t ing was s topped at every 10 m 

and  tool  wear was measured  with a mic romete r  

qu ipped  rnicroscope. 

F igure  13 shows the re la t ion  between the f lank 

tool wear width  and  the cut t ing  dis tance  at the 

feed rate of  0.1 m m / r e v  and  0.2 m m / r e v  and  

cut t ing  speed of  10 m / m i n  respectively. 

At bo th  a feed rate of  0.1 m m / r e v  and  0.2 m m /  

rev, the changes  increase a lmost  in p r o p o r t i o n  

to the cut t ing  distance,  exc luding  the tool  wear 

width  as it increased rapid ly  in the p r imary  cut- 

(a) Unworn appearance 

Fig. 11 

• . 

*," . - 

(b) Worn appearance of rake face (c) Worn appearance of flank /'ace 

SEM micrograph of the worn appearance of PCD tool 

~L~I~ 

2 ~':~ 
i., 

"~," 21. ,,D 
:"  

-% 

51J 

Fig. 12 

( ' ~ l l I i r ' , .  I L t I ~ t : I ' I L  ~." I I1 

I I~ ! ; ' l r l l  II, I ', I fP I I H q l  

Relation between flank wear width and 

cutting distance 

q i , i I  

: ,  I 5 r i  

- -  , ;~ j  

11 

Fig. 13 

f l  41~  .II~ d I I ~ i l  lq '~l  I 

~ I L ( ) I ~  LJI~I ,LLIL.~"  PII 

\ I <11~ I M I l i ,  I qJ ] IM I I ' ,  

Relation between flank wear width and 

cutting distance 



Micro Cutting of  Tungsten Carbides with SEM Direct Observation Method 777 

ting process. F r o m  these findings, an increasing 

rate at the teed rate of  0 .2mm/rev  was more rapid- 

ly reached than at the feed rate of  0.1 mm/rev .  

If we presume from a v iewpoint  of  high effi- 

ciency cutting and tool life within this research, a 

proper  cutting speed was 15 m / m i n  and a proper  

feed rate was 0.1 mm/rev .  In this case, it was 

found that the tool  life of  P C D  tool was a cutting 

distance up to a point  of  230 m approximately.  

3.2.2 Cutting forces on turning experiment 
It is commonly  expected that cutting speed is an 

important  parameter  that has a strong effect on 

the quali ty of  the machined surface. The  relation 

between the cutting force and the cutting distance 

at the cutting speed of  10 m / m i n  and 15 m / m i n  is 

shown in Fig. 14. 

At a cutting speed of  both 10 m / m i n  and 15 m /  

min, the changes increased nearly in propor t ion  

to the cutting distance, but a dispersion of  some 

amount  was seen in the thrust cutting force. 

In Fig. 14, the tendency was to increase the 

thrust cutting force at the cutting distance over  

180 m and a cutting speed of  10 m/min .  However  

the increasing tendency of  the three components  

of  cutting force did not seem so different at the 

range of  cutting speed within this research as a 

whole. 

At the cutting speed of  1 0 m / m i n ,  the thrust 

cutting force was approximately  2 0 N ~ 3 0 0 N  

rather higher than the principal  cutting force at 

the cutting distance o f  70 m and 200 m. The lower 

differences at a cutting speed of  20 m / m i n  can be 

found. 

This  increasing tendency of  the thrust cutting 

force being more evident than with the other 

cutting tbrces should be noticed. This may 

indicate the relation with the flank tool wear 

width closely as the above mentioned shown in 

Fig. 12. 

Consider ing the cutting of  tungsten carbide, 

there may be much unknown yet, but in this 

experiment,  three components  of  cutting force 

were different in balance from ordinary cutting 

such as the cutting of  steel or cast iron. In the 

cutting of  tungsten carbide, namely, the feed 

cutting force decreases with decreasing cutting 

distance. Those large values were obtained by 

order of  thrust force, principal  force, feed force, 

and a peculiar  phenomenon said to be one feature 

of  cutting high strength materials such as tungsten 

carbide. 

Figure 15 shows the relation between the 

cutting forces and the cutting distance at the feed 

rate of  0.1 and 0.2 mm/rev .  At both feed rates, 

the increasing tendency of  three components  of  

cutting force was parallel  in their increase of  

cutting distance, but the principal  force and the 

thrust force increased rapidly at the teed rate 

of  0.2 mm/rev .  It can be determined once again 

that the feed rate of  0.1 m m / r e v  was a more 

suitable condi t ion  than the feed rate of  0.2 m m /  

rev in the cutting of  tungsten carbide for the con- 

ditions under Fig. 13. 
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The thrust force was observed as being especi- 

ally last in pr imary cutting distance within I0 m. 

This shows that the feed rate is one of  most 

important  factors among the cutting parameters 

in the cutting of  tungsten carbide. This  machining 

characteristic may indicate one reason which pro- 

motes the progress of  the tool wear. 

On the other side, the feed force was measured 

to be smaller rather at the cutting distance over  

the 80 m and the feed rate of  0.2 mm/rev .  This 

suggests that the depth of  cut appeared to affect 

the feed force significantly. 

What  was not expected was the lack of  in- 

fluence of  the feed rate on the feed force when 

the depth of  cut was 0.I mm. The feed force 

tended to decrease as the cutting distance was 

lengthened because the tool was worn and the 

tool edge retreated. 
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3.2.3 Surface roughness on turning experi- 
ment 

Figures 16 and 17 show the relat ionship be- 

tween the surface roughness and cutting para- 

meter. It is commonly  expected that the smaller  

the feed rate and the depth of  cut, the smoother  

the machining surface. However  as shown in 

these figures, the surface roughness has a weak 

relat ionship with the depth of  cut. Al though  the 

increment of  the depth of  cut causes an increase 

of  cutting force, traverse feed does not change. 

Once again the feed rate is a more important  

factor than cutting speed or  the depth of  cut in 

the cutting of  tungsten carbide. 

In these cases, as explained,  it can be seen that 

the cutting fluid used in this experiment had less 

influence on the cutting of  tungsten carbide. 

4. Conclusion 

Based on these experimental  results, the fol- 

lowing conclusions can be drawn : 

(1) F rom the SEM direct observat ion in 

cutting the tungsten carbide, WC particles are 

broken and come into contact  with the tool  

edge directly. This causes tool wear and a strong 

scraping against the tool. 

(2) There are two chip formation types. One is 

the type where the shear angle is comparat ively  

small and the crack of  the shear plane widens ;  

the other is the type where the shear angle is 

above 45 degrees and the crack of  the shear plane 

does not become wide. These differences are 

caused by the stress condi t ion  which gives rise 

to the friction at the shear plane. 

(3) The  thrust cutting forces tend to increase 

more rapidly than the principal  forces, as the 

depth of  cut and the cutting speed are increased 

preferably in the or thogonal  micro cutting. 

(4) The tool  wear on the flank lace was larger 

than that on the rake face in the or thogonal  micro 

cutting. 

(5) Three components  of  cutting force in the 

convent ional  turning experiments were different 

in balance from the ordinary  cutting such as that 

cutting of  steel or  cast iron. Those expressed a 

larger value by order  of  thrust force, pr incipal  
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force, feed force. 
(6) If we presume from a viewpoint of high 

efficiency cutting within this research, a proper 

cutting speed was 15 m/min and a proper feed 

rate was 0.1 mm/rev. In this case, it was found 

that the tool life of PCD tool was a cutting 

distance of approximately 230 m. 

(7) When the depth of cut was 0.1 mm, there 

was no influence of the feed rate on the feed 

force. The feed force tended to decrease as the 

cutting distance became longer because the tool 

was worn and the tool edge retreated. 

(8) The main tool wear of PCD tool inserts 

in this research was the flank wear within the 

maximum value of the flank wear width Vm~x of 

approximately 260 ,urn. 
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